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FOREWORD

This report was prepared by Materials Research Corporation
under USAF Contract No. AF 33(616)-7961. This contract was
initiated under Project No. 7350, Task No, 735003, "Behavior of
Ceramics". The work was administered under the direction of Metals
and Ceramics Laboratory, Directorate of Materials and Processes,
éeronautical Systems Division, with Lt. C. Cook acting as project

ngineer,

This report covers work conducted from March, 1961 to
March, 1962,



ABSTRACT

The craln boundaries of MgO blerystal specimens were
subjected tTo creep-rupture tests in the temperature range of
1300-150C°C, and at shear stresses var ing from 150 to 10,000
gr/mrai2, The boundary was oriented at 450 to the compression
direction., The stress for graln boundary sliding and fracture
varied markedly with crystal misorientation; high twist-low
t11lt boundaries being much weaker than other misorientations,
For a given misorientation there was considerable scatter in
the fracture and sliding stress data which was found to be
a result of boundary irregularities (Jog content) present
in the as-received material or stress-induced during test.
Most specirens did not exhibit controlled grain boundary
8liding but rather, would slide uncontrollably to fracture

after an incubation period Of a few minutes at a critical
stress.

This report has been reviewed and is approved.
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THE ROLE OF THE GRAIN BOUNDARY IN THE DEFORMATION
OF CERAMIC MATERIALS

I. INTRODUCTION:

The manner of elevated temperature deformation in metals
has been studied extensively (1)* and although the exact mecha-
nisms are not completely understeood, it 1s evident that at
temperatures above approximately 0.5 of the melting point in
degrees absolute, the grailn boundaries play a predominant
role in the creep and fracture process. Grain boundary slid-
ing is one of the more important aspects of this role and has
been shown (1) to exert a significant influence on the total
creep obtained.

In comparison to metals, the role of the grain boundary
in the process of elevated temperature deformation of ceramic
materials has seldom been investigated. Wachtman, et. al. (2)
(3), have attributed internal friction peaks and the decrease
in Young's modulus as a function of temperature in several
ceramic materials to the commencement of boundary sliding. On
the other hand, Chang (4), from creep studies on polycrystalline
Al203, and Wygant (5%, from torsion measurements on MgO, are
of the opinion that grain boundary sliding is absent or insig-
nificant in the deformation process. This controversy has
been somewhat clarified by the recent experiments of Adams
and Murray (6) in which grain boundary sliding was directly
observed on NaCl and MgO bicrystals.

The present work was designed to extend the findings of
Adams and Murray, in particular to determine the effect of
boundary misorientation and purity on the sliding and fracture
process. During the course of this work it was found that the
stress required for sliding (and also for fracture) was strongly
dependent on misorientation. However, for a given misorientation
this stress varied considerably. This variance was found to
be a result of the gross boundary structure; i.e., Jog content,
and this parameter was studied in detail.

II. EXPERIMENTAL:

MgO samples were obtained from two sources: Semi-Elements,
Inc. and the Norton Company. The impurity content of the
Seml-Element material was quoted as 50 ppm BeO, 700 ppm Fe203
500 ppm S102, 800 ppm CaO, and 100 ppm K, and that of the Norton

* Numbe:s 1n parenthesis indicate References.

Manuscript released by the authors Jan. 1962 for publication as an
ASD Technical Documentary Report.



material (optical grade Magnorite) as 2000 ppm Si05, 1500 ppm
F3202, 2000 ppm Ca0O, 3500 ppm Al20, and 15 ppm Bs. The major
portion of the work was conducted gn Norton material and unless
otherwise stated the results discussed refer to this source,

Biorystal specimens were cut to the approximate shape and
size shown in Figure 1 from large lumps containing several grains,
Final shaping was done by hand using standard metallographic
procedures, This was followed by a chemical polish (consisting
of a 1 minute immersion in hot H3P03) to remove the disturbed

surface, A few scratch marks were deliberately introduced to
serve as markers.,

Most of the bicrystal misorientations were determined by
X-ray laue patterns, however, for preliminary tests some were
approximated by examination of the cleavage planes. The general
grain boundary has five degrees of freedom; three which define
the difference in orientation of the two crystals, and two which
define the boundary plane with respect to the two crystals., The
simplest method of portraying this misorlentation 1s to plot on a
stereographic projection the two crystal and boundary plane
orientations (sce Adams and Murray (6)J). In the present work,
this procedure has been followed, however, the number of specimens
tested is too large to conveniently show each plot., Since it
became apparent early in the work that boundaries possessing a
large twist and small tilt component were inherently weak, it was
desirable to describe the boundary in terms of these components,
In a pure twist boundary the axis of relative rotation is normal
to the boundary. In the case of pure tilt the rotation axis lies
in the boundary. An arbitrary boundary consists of both tilt and
twist components. In the present work certain simplifyiung ap-
proximations were made in order to arrive at the twist and tilt
components. The notation used 1s shown in Figure 2 and described
in the following:

Two coordinate systems (x,y,z) and (x',y',z*) are defined,
each coinciding with the {100} direction respectively of the
two crystals. The two Goordinate system origins are made to fall
on the bicrystal boundary and coincide. A perpendicular to the
boundary 1s drawn through this common origin and the axls formlng
the smallest angle with the perpendicular to the boundary is defined
as the z-axis. The {100} axis of the second crystal forming the
smallest angle with this z-axis is defined as the z'-axlis, The
angle z-z' (a ) is then defined as the angle of tilt. The primed
coordinate system is then tilted through the angle z-z' to make
the z-axes coincide. The x' and y' axes now fall in the x-y plane.
The two angles x-x' and y-y' are equal and are defined as the angle
of twist (3). See Figure 2.
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The chief objection to this method of describing the tilt
and twist components is that it does not completely describe
the direction of the boundary through the two-crystal matrix,
which certainly has a bearing on the atomistic structure of the
boundary, Furthermore, it is not accurate for large angle
boundaries. (In this case the boundary structure is complex
and above about 20° tilt in combination with a similarly large
twist one should really only speak in terms of a high angle
complex boundary.) On the other hand the notation used is con-
venient 1n that only two parameters are employed and it is
reasonably accurate for small angles when the z axis is nearly
perpendicular to the boundary.

The specimens were subjected to creep rupture tests in the
apparatus shown in Figure 3., The specimens were loaded in com-
pression between a fixed alumina pedestal, attached to a rigid
base plate, and an alumina plunger. The load was transmitted
to the plunger by a lever arm from which weights were added
(after equilibrium temperatures were reached) via a tie rod
passing through the base plate, A roller bearing placed between
the lever arm and plunger insured axiality of loading., The speci-
mens were prepared such that the grain boundary normal was nearly
as possible at 45° to the compression axis. During operation
the specimens were heated with a molybdenum wound tube furmace,
the whole apparatus being enclosed by a water-cooled metal bell
jar inside which an argon atmosphere was maintained., Movement
of the alumina plunger was measured, as a function of time, from
a lever and dial gauge attached to the rod which supported the
weights. As a check on the total sliding obtained, microscopic
measurements of scratch marker displacements on the specimens
were made after each test, In some tests a certain amount of
creep strain within the orystals was obtained, This compression
creep strain could be separated from that due to boundary dis-
placement by a comparison of the total compression with that
showed by the boundary markers, Thls separation could be further
elucidated by close examimation of the dial gauge movement. It
was found that intracrystalline creep occurred as a continuous
motion whereas boundary displacement always occurred in discreet
Jumps,

III. BESULTS:

Numerous specimens of various misorientation were subjected
to resolved shegr stresses along the boundary varying from 165
to 10,000 gm/mm“ and at temperatures in the 1300 to 1500°C range.
The conditions for, and the results of, these tests are listed
in chromological order in Table I.*

#A11 specimens cut from the same boundary are designated with
the same letters,
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One of the original objectives of this work was to obtain an aoti-
vation energy for the sliding process and to determine if thls energy
varied with crystal misorientation and purity. It was found that the stress
for sliding was in most cases nearly that for fracture along the boundary
and therefore the fraoture stress as a funotion of misorientation and
boundary structure was examined in detall.

A, Boundapy Fraoture Stregs

The boundary fracture stress was found to depend on orystal misori-
entation, initial boundary jog countent, and rate of loading (due to jogs

formed by plastic deformation and/or grain boundary migration prior to
fracture).

1, Effect of Jog Content

Early in the work it became apparent that the stress for sliding
and/or fracture was strongly misorientation dependent and, in general,
large twist-small tilt boundaries were much weaker than other boundaries,
The fracture stress varied with misorientation, by as much as & faotor
of 40, However, in an attempt to quantitatively measure this fracture
stress-misorientation relationship it was found that for specimens cut
from the same boundary the fracture stress often varied by factors of 2
to 3 It was therefore necessary to clarify this phenomenon before pro-
ceeding to misoriemtation studies.

The first wide variation noted was found in the boundary designated
NF (Table I). Subsequent microscopic examination of additional specimens
cut from this block revealed that certaln specimens contalned irregular
boundaries while others were smooth. It was thought that this initlal
irregularity (jog content) satisfactorily accounted for the variation in
fracture stress and consequently on all subsequent runs specimens oontaln-
ing grown-in jJog boundaries were discarded.

However, it was found that jogs produced by plastic deformation and/or
boundary migration during the test were a common occurrence and since
this jog content varied with rate loading was £ major cause of the variation
of fracture stress in specimens of the same misorientatlon. The usual
procedure employed for the first specimen tested from & given bgundary was
to subject the specimen to a small constant stress (~200 gn/mm<), If
no sliding or fracture was observed after 20 minutes, the stress was
increased about 25% and held for another 20 minutes. This procedure
was repeated until either controlled sliding or fracture was obtailned.
For specimens of low fracture stress, good reproducibility of the sliding
and/or fracture stress was obtained. But for large fracture stress
specimens (of identical misorientation), the fracture stress variog oon-
siderably and it was found that jogs were being introduced at the ou::
stresses during this stepwise loading procedure and that these u:::ngt'
the subsequent fracture stress, Evidence of this jog formation
effect will now be presented.

The results obtalned to date show that the extent of Jog

and
formation is dependent on stress, time of strers application,
boundary misorigntatlon. (Undouﬁtedly the process is also temperature
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dependent but to date only one temperature, namely 1400°C., has been
used). All boundaries were initially straight,as shown in Figure 4,
After stress application, saw-tooth type jogs were observed in all

high angle complex bogndaries which had been stressed in the range

of 1000 to 3000 gm/mm“ for periods of 30 minutes or longer. Boundary
sliding was not detected. Figure 5 shows jJogs in such a boundary which
had been stressed for 20 Einntes each (in steps) at 400, 800, 1200,
1600, 2000 and 2400 gm/mm<., Another specimen of the same misorientation
was stressed for 5 minutes at 3800 gm/mm2 yilelding three times as much
intracrystalline creep deformation but less jog formation (Figure 6),
Jog formation was rather profuse at higher stresses (Figures 7 and 8),

Low angle boundaries (which also do not exhibit l%iding at high
stresses) did not form jogs so readily. At 2900 gm /mm? one specimen 2
showed only what appeared to be small voids (Figure 9) and at 4700 gm/mm
relatively small jogs were formed (Figure 10).

High twist-low tilt boundaries that slid and fractured at low
stresses did not show jog formation (Figure 11). Even a high twist-
nedium tilt boundary that was stressed for 20 mimutes at 15450 gm/mm?
(this also showed sliding - ses 1400°C. curve, Figure 17) did not
from microscoplically visible Jjogs.

The effect of stress-induced jogs on the subsequent sliding and
fracture stress of the high angle complex boundaries was correlated
with jog formation(NK specimens). The subsequent continuous fast
loading stresses of the stress-induced jogged specimens_shown in
Figures 5 and 6 were found to be 7,850 and 10,000 gm/mm? respectively
at 1400°C, The contimmous loading fracture stress of a specimen cut
from the same_boundary and without stress-induced jogs was measured

as 6000 gm/mm<, a considerable decrease compared o the jogged boundary
specimen .

The effect of stress-induced jogs on the fracture stress of high
twist-low tilt boundaries was conducted in a different er. Since
these boundaries fractured at low stresses (~~200 gm/mm<) it was not
possible to introduce jogs by compressing & specimen with a boundary
at 45° to the compression direction. Comsequently, in order to form
these jogs a specimen (No. YA-6) of §9° twist-17° tilt was compressed
normal to its boundary at 1000 gm/mm~ for 80 minutes to form Jogs as
showm in Figure 12. The specimen was then recut such that the boundury
was at 45° to the compression direction. The fracture stress zas found
to be 900 gm/mm? compared to values of 150, 200, and 300 gm/mm< observed
for ocompanion specimens tested without prior stressing and Jog intro-
duction.

2. Effect of Misorientation
Considerable data was compliled on fracture stress as a
function of misorientation. However, the data obtained in the

early work on specimens in which jogs were stress-induced by step-
wise loading could not be used to unambiguously depict the fracture
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stress-misorientation relationship. Work is now in progress

to obtain this data by the application of a relatively fast
continuously increasing stress to fracture on specimens contain-
ing straight boundaries. Although not complete, the data
compiled at present by this method, and by single constant
stress application in which fracture occurred after a few
minutes, is shown in Figure 13. It can be seen that the high

twist-low tilt boundaries are much weaker than the other
misorientations.

A further demonstration of the misorientation dependence
of the fracture stress was obtained on block designated NO which
contained three crystals with grain boundaries running at 120°
from a common center. Thus, all three boundaries should possess
nearly the same impurity content (except for possible preferential
segregation due to grain boundary angle). No Jjogs were observed

rior to testing (Figure 14). Specimens from boundary Nozia of

1° twist and 32° tilt fractured at stresses of 165, 300 a

900 gm/mm? while specimens from NOl_s of 5° twist and 6° tilt,
1

and NOq_- of 5° twist_and 39° tilt, d not fracture at stresses
as higﬁ s 5000 gm/mm2.

A series of runs was made on a high twist-low tilt boundary
to observe the effect of boundary direction on fracture stress.
Block NE contained a boundary section such that the z and z' 4100)
axes made angles of 6° and 12° respectively with the boundary
plane. Specimens NE-1 through NE-5 were cut from thls sectlgn and
found to fracture at a low stress of approximately 175 gm/mm<.
Another section of this same boundary (block NE) ran through
the two crystal matrix such that the z and z' axes made angles of
21 and 26° with the boundary plane. Again a low fracture stress
of 215 gm/mm2 was observed. This result was somewhat surprising
since the boundary structure is just as dependent on the boundary
direction as it 18 on the relative misorientation of the two
crystals. Further experiments are needed here in order to clarify
this behavior.

Ba ___Boundary 311ding

In the majority of runs on the first specimen from each block,
in which the stress was increased in approximate increments of
25%, the specimen eventually fractured without showlng contro%led
sliding. In some cases controlled sliding could be obtalned by
subjecting the second specimen from & given block to a constant
stress somewhat below the stress at which the first speclmen
fractured. This sliding always was manifested by discreet jumps L
followed by a period of zero movement. An example of this tﬂpica
Aisplacement-time behavior 1s shown in Figure 15. On the other
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hand, some specimens when subjected to a constant stress below
the fracture stress, fractured by uncontrolled sliding (complete
sliding to fracture in a matter of a few seconds) after an in-
cubation period offrom 1 to 15 minutes. This lmplies that such
specimens would not show controlled sliding at any stress level.
Oon two specimens (NJ-1 and NO1-3-2) this uncontrolled sliding
was halted prior to fracture by limiting the movement (through
stops) of the corpression plunger. These specimens appeared
intact (Figure 16) as if sliding had occurred without concomitant
fracture. However, NJ-1 fractured on subsequent handling and
NOj1-3-2, which had required a stress of 3500 gm/mm2 for initial
sliding, subsequently frgctured on reloading at 1400°C. at a
stress of only 200 gm/mme,

The criticality of the stress required for sliding, the
lack of reproducibility of specimens cut from the same boundary,
and the lack of a sufficient number of specimens of a given
mlsorientation, prohibited the attainment of an activation energy
for the process. For example, three speclimerscut from block
NF were subjeoted to a stress of 300 gm/mm2 each for 2 hours
at 1300, 1400, and 15000C, The rgspective sliding distances were
17, 10, and 40 microns - the 1300°C. run showing more sliding than
the 14009C. run. It was thought that variation in boundary Jjog
content was responsible for this discrepency.

Specimens cut from block CB (37° twist, 30° tilt) were se-
lected for an activation energy determination since the boundaries
were found tc be microscopically Jog-free, and since a survey
run had shown controlled sliding at a stress of 1450 gm/mm2 at
1400°C. Other runs were made at 1300, 1450, and 15000C. The
results are shown in Flgure 17 . Although a qualitative picture
of the temperature dependency can be obtained from this data,
an activation energy cannot be determined. Above 1l400°C, in-
sufficient sliding was obtained prior to fracture to define the
s8liding rate. At 1300°C, the sliding halted after a short period
and again a unique rate could not be determined - these data show,
however, that for this particular misorientation the sliding be-
havior is strongly temperature dependent and thus possesses a high
activation energy.

Specimens from block NJ of 19° twist and 6° ti1lt slid at
relatively low stresses (240 gm/mm2) and fractured at slightly
higher stresses (510 and 860 gm/mm2), The boundary sliding
as a function of time is shown in Figure 18, Vertical lines
mark the points at which the stress was increased after long
periods of zero movement. For these low stresses the boundary
81iding ceased after a few minutes at a constant stress level
but continued after a short incubation period at a slightly
higher stress. Boundary sliding in NJ-1 became uncontrolled
and it 8lid to fracture at a stress of 860 gm/mm2. A second

7



specimen (NJ-1) from this same boungary behaved in a similar
manner for stresses up to 300 gm/mme, For higher values
81iding diminished rapidly and none was observed for stresses
above 400 gm/mm2, The specimen fractured without further
s1iding after 7 minutes at a stress of 510 gm/mm<.

IV, DISCUSSION:
The results can be summarized as follows:

a) The stress for sliding and/or fracture was strongly
misorientation dependent. Large twist-low tilt boundaries
81id and fractured at extremely low stresses compared to
other misorientations.

b) PFor a given misorientation, the fracture stress
varies within a wide scatter band, the variation being
dependent on boundary jog content. These jogs are "grown-in'
and/or stress-induced boundary irregularities.

¢) The majority of specimens did not exhibit controlled
sliding.

d) The sliding that was obtained occurred in discreet
Jumps and was strongly stress and temperature dependent.

e) An incubation period was usually required for
sliding or fracture,

These results show the importance of the boundary structure
in the behavior of the boundary when subjected to a stress. Two
types of boundary structure must be considered; (a) the atomic
misfit which is dependent on misorientation, and (b) the gross
structure which 1s dependent on boundary irregularities (Jjogs).
With respect to misorientation it appears that screw-dislocation
i.e., twist, boundaries slide and fracture much more readily
than edge dislocation, 1.e., tilt, or complex boundaries. For
a given misorientation the actual sliding and fracture stresses
depend on boundary smoothness (this dependency is of a lesser
extent than that on misorientation). A smooth boundary slides
and fractures much more readily than one containing "grown-in"
or stressed-induced Jjogs.

One of the original objectives of this work was to de-
termine the mechanism of sliding. An activation energy of the
8liding process would assist in the elucidation of this mechanism,
The attainment of an unambiguous activation energy has not been
feaslble thus far. However, from the manner of sliding observed
one can speculate as to the process involved. Theories for grain
boundary sliding in metals have been presented., Intrater and
Machlin (7) observed that grain boundary sliding in copper bi-
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crystals occurred in discreet Jjumps which became less frequent
with time. From these observations they proposed a model based
upon the idea that each cataclysmic boundary sliding event 1s in-
itiated by the migration of grain-boundary Jjogs, and 1s terminated
in each step by the formation of new Jogs as a result of plastlc
deformation during sliding. Thus there exists no limit upon the
amount of sliding that could comprise one event.

The type of sliding observed by Adams and Murray (6) in
NaCl bicrystals and in the present controlled sliding of MgO
experiments are qualitatively in agreement with that observed
in copper, and perhaps the model of Intrater and Machlin applies
here also. There are however, distinct differences in detall
that should be pointed out and examined for conformance to this
model. The jumps in Mg0O were much larger in magnitude, less
frequent in time, and occurred with less regularity, than those
observed in metals., The jogs referred to by Intrater and Machlin
were submicroscopic in size. Likewise the smooth MgO boundaries,
which are of interest for the immedliate discussion, also were
jog-free when examined microscopically (oPtical microscope).
One could explain the large jumps in the "smooth" MgO boundaries
by assuming that they contain much fewer submicroscopic jogs than
do copper boundaries and that few if any jogs are formed by the
sliding process. Thus, the incubation period required for initi-
ation of sliding could be that for the smallest restraining jog
to be removed by plastic deformation or boundary migration. The
initial sliding Jump would be halted by the next jog and
likewlise require time for removal, The fact that some boundaries
slid, after an incubation period, uncontrollably to fracture would
then merely imply that the specimen contained only one restrain-
ing Jog at the stress in question. The scarcity of controlled slid-
ing in MgO compared to metals could then be a result of the sub-
microscopic smoothness of the boundary.

The effect of stress-induced Jogs on sliding was not de-
termined. However, it was difficult to obtain controlled slid-
ing on large twist boundaries that possessed low fracture stresses.
On the other hand, misorientations requiring large stresses
for fracture more often exhibited controlled sliding (at some
stress below the fracture stress). The implication here is
that on these latter boundaries, the high stresses employed
were able to introduce jJogs (possibly submicroscopic) during
the incubation period, which inhibited subsequent sliding.

It thus appears that sliding and fracture along the bi-
crystal boundary are the same process, the only difference being
the presence or absence of restraining jogs. What is more
important is the variation of the fracture of sliding stress
with misorientation and how does this affect the behavior of



multicrystalline bodies., The latter should and will be investi-
gated experimentally but for the moment an extrapolation of the
bicrystal behavior to that of polycrystalline material is of
interest. For a randomly oriented fine grain structure there
certainly would be a large number of boundaries possessing the
misorientation and resolved shear stress for easy sliding. If
these boundaries were free to slide, as 1n the case of the
bicrystals, a large (the length of the grain edge) crack would
be formed. In a material as notch sensitive as MgO this crack
would almost certainly lead to catastrophic failure. However,
the fact that the neighboring grains restrict the permissible
extent of sliding could prevent the crack from reaching critical
size or from not forming at all. A sharp decrease in the g ength
accompanied by intercrystalline failure 8 been reported ? S in
MgO as the temperature is increased to about 1200°C. Further
experimentation will be required to determine if a mechanism
such as that observed in bicrystals can account for the poly-
crystalline behavior.

The role of the microscopic-size stress induced jogs could be
quite important in the elevated temperature deformation of
polycrystalline ceramics, This jog formation appears to be time
dependent at moderate stresses and is probably a result of stress-
induced grain boundary migration. At sufficiently high stresses
Jogs undoubtedly can be formed by plastic deformation alone. What-
ever thelr origin, it has already been established that they can
enhance the shear strength of the boundary. But they also could
act as a site for crack formation during boundary sliding. Crack
formation has been observed at large grain boundary jogs in NaCl
bicrystals, As pointed out by Johmston, et.al. (9), these cracks
could cause catastrophic failure in a notch-sensitive material,
This failure, of course, would occur at a higher stress than that
discussed above for the case of sliding and fracture along weak
twist boundaries.

This work is still in progress and much remains to be done
to tie the loose ends together., For a given misorientation, the
determination of the grain boundary sliding and fracture stress as
a function of temperature is needed. The mode of fracture in a
strong boundary containing Jjogs 1s essential to the understanding
of the overall deformation and fracture processes and finally, to
realize a practical gain from this work, it is necessary to
correlate the bicrystal findings with the more complex behavior of
multicrystalline bodies.
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Unprimed co-ordinates represent {io0} direction in crystal A
Primed co-ordinates represent

{100} direction in crystal B
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FIG. 2. TWIST-TILT NOTATION
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FIGURE &4
Typlcal bicrystal boundary before stressing.
Mag. 750X,

FIGURE 5

Jogs in boundary after stress of 2400 gm/mm®
1400°C. Load applieg in 6 equal steps at 20 Min.
intervals. Twist 25° - Tilt 45°, Mag. 750X.
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arss e -
FIGURE ¢
Jogs in boundarﬂ after stress at 3800 gm/mm2
0]

for 5 min. at 1400°C., Twist 250 - Tilt 450,
Mag. 750X.

Jogs in boundary after stress at 4700 gm/mm2
at 1400°C., Load applied in 3 equal steps at
5 Min. intervals., Twist 43° - Tilt 419, Mag. 750X.
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FIGURE 8

Jogs in boundary NOj.-.3-1 after stresses of

2700 gm/mme for 20 Min. plus 5000 gm/mm2
for 3 Min. Mag. 300X.

FIGURE S

Small voids in boundary (arrows) after stres
of 2900 gm/mm2 at 14 \ ) y

000C. Load applied in 5
equal steps at 20 Min, t -
ety Mag. V50N intervals. Twist 50
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FIGURE 10

Small Jogs in boundary after stress of
4700 gm/mm2 at 14000C, Load applied in
3 equal steps at 5 Min. intervals.
Twist 50 - Tilt 60, Mag. 750X.

Polished soundary after sliding of 10 microns
450 gm/mme, 50 Min. at 1400°C. Arrow indicates

a void. Mag. 750X.
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FIGURE 12

Jogs in boundary after compression normal to
boundary for 80 Min., at 1000 gm/mm and 1400°C.
Twist 29® - Ti1l1t 17°. Mag. 750X.
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FIGURE W

Smooth boundaries of NO bicrystal before stress-
ing. Mag. 1000X.
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FIGURE 16

Apparent sliding without concomitant fracture
Mgo NJ-1 after 3rd run. Mag. 3X

23



SSYLS YVIHS gww/Wb OGkl ‘SIUNLVEIINIL TVH3IAIS
804 3NIL 30 NOILONNG V SV ONIGINS ANVANNOG NIVHO LTIl <O€ ‘LSIML o2€ 21 'Oid

uiw - INIL
-0 9 el $ L4
9 «00€|
'

o

w

)

=

>

9

J «00¥! 9 0S¥l z

x oz 2

pur

|
3

)

(=]

>

(7]

3UNLOVYES SILON3Q - X ot

24



9 00! LV ANVANNOS L11IL o2 ‘LSIML 22

40 N3WID3dS ¥03 INIL 40 NOILONNG V SV ONIGITTS ANVANNOE NIVY¥O "8I Old

('NIN) 3NIL

JWW/wb—-ss3u1S-+098

00t
L]

obL lebjtnn

002

ool
J

r

i
?
(SNOWOIW) LN3W3IVdSIQ A¥VANNOE

25



‘aJanjoeay ou ‘Suypirs ON

o€

0647 T-0THT

09€1 ch 13 T-ON A

‘3anjoeay ou ‘3UTprIis ON o2 oTHt 0921 Sl Ge 1-08 1t
*aanjoeay

‘BUTPTIS DPOTTOI3U0D ON T otHt gle una pug T-XN o1

*3Injoeay ou ‘3uTpyls ON 09 oTHt €Lt (07 e T-XN 6
*aanjoeay

‘BUTPTI® PIT10I3uU0d ON S°1 otHt oce oec #c c-XN 8

‘aanjoeay ou ‘JUTPTIs ON ofr O9hT-OHET 0SET ot G 1-d§ A

*3anj3o8a3 ou ‘Jurpris ON Off OTHI-00LT 0S2T 18 & T-aN 9

*aanjoeay ou ‘SuUTpPLIs ON Gh 00€1 428 1t S T-VN ]

‘aanj3oeay ou ‘3UTPris ON 06 00€1 G21t - - 1-as f

‘aanjoeay ou ‘BuTpPIls ON 09 00ET 0GET 9t €e 2-0s €
*aanjoeay

‘BUTpPTIS PATTOIZUOD ON o€ 00€T 0881 g9t €2 T-08 e

‘aanj3oeay ou ‘Jurprls ON ote 00€T ogzct o€ OC# T-gS T

gaIne ‘u ) £19 1 18TML ‘ON °ON

Atnesd ( owww .MEMW uuonmmsuﬁwmw UOT3BUSTJIOSTH *o9dg uny

xey 38 Axepunog °xXey (1)
surpy, (2)

I TEVL



*aaInj3oeaj ou ‘JurprTe ON

-

una

02 it 61 ¢ Uy c-HS 42
*A1338TPOUNIT P3IN3OBIJ 0  0oSHI 081t - - €-HS €2
* L uauoetTdsTp
PeTI0d3UdD BUOIDTW LE 71 ooHT ~ 9L1 21 o€ y-aN 2z
° paanjoeaJ
£11eT13a8d ‘SUTPTTIS Suwog el 00c1 ~ 9.1 FA ot £-3aN 12
*aanjoeay
‘3UTPTIS POTTOI3U0D ON €1 O0€T ~ 9.t cl o€ c-aN 07
*aanjoeag
‘BurprTe PATT0I3U0D ON L O0ET ~ 1€ cl ot T-3N 61
una
*3aanjoeay ou ‘IuTpPITs ON o€ (0,012 Zag G6E1 1549 c-HS g1
una
*aanjoeaj ou ‘IuTpris ON (o] ooh1~~ G6E1 pue ¢-HS JA S
*aanjoeaJ ou ‘3urprrs ON gh oohtl~ Gglt 1t € c-HS 91
una
*R(o3eTpauuT paaInj3oedy o) ooyt ~~ o8l pug I-HS 61
*aanjoea} ou ‘SUTPITS ON 8 ooht ™~ 0€€1 (0} 4 12 I-aN #t
*quamaorTdselp
£aepunoq petTIOoI)
-uod suoIITW H°13 €1 ooHT ~ 0SET 9 62 1-HS €1
syinsey ("uTi) ) (@) 3T 38TAJ *ON °“ON
peoy °duwey sgaI3E Jeeyg UOTIBIUSTJIOSTH °o0dg uny
‘X8 38 KLaepunog °XxBW (1)
SwTrL (2)

*Py3u0) - I TNEVL

27



*aInj3oBay G't  OoOft 009 61 92 2-dN Gt

. 1838439
deaao arqeasprsuo) 4 ooNt 0911 o 0 o18uIs €
*aanjoeay
‘BuTpT1s POTTOJI3U0D ON € oofit 00t2 61 1% ¢ T-DN €e
*3urpTls
POTTO0a3U0D suoadTW LY (01 oont otece 14 92 1-4N 43
* paTTOI3uOdUN UIY3 unJa
paTTOI3U0D BUOIDTW 62 6 (0.0) 28 098 pag 1-£N 1€
*3uIprISs unJa
POTIOI3UOD SUOIOTW GE 4] 8 oont 01% paeg 1-CN o€t
°*3anj3o8a1J unda
‘BuTPTTS PITTOJIJUOD WO L otht 01s puc c-IN 6c
*quauadetdstp
wroJfun-uou suoIdTW GY ocl G6ET one 9 61 e-CN 8c
*jusueoeTdstD G6EL
POTTIOJ3U0d SUCIOTW ST 01 -SOtT ofe 9 61 1-CN L2
*3anigovay
‘3uTpPTIe PITTOIJUCD ON 11 ot 19 ¢4 cl ot OT-3N 9c
*aanjoeaJ
‘BuTpTie PO1T0J3U0D ON G°¢ otHl 061 cl ot G-3N G
83TN8I|Y ‘UTH o U, muv 3TTL ISTML ‘ON °‘ON
( vnow . sww unomwm hﬁozm UoT383ULTIOBTH °oadg uny
*X® 18 Axepunog °XeW (1)

awrty, (2)

‘py3uod - I FHEVL



. una
2IN30843 ou ‘SUTPTIE ON o ooyt 00L2 bz t-€-Tow oy
. Uns
8Injo8agy ou ‘SUTPIIS O o2 ooNt 0192 puz  t-2-Tom G
*INJOBIJ una
‘BUTPTIS DPOTTOIUOD ON G oot 006 uz  €-t-Cox 4y
*ean3ovay ou ‘SUTPTLs o 02 ooyt T 2€ w €€%nx ¢
— ‘oGET ‘062t s "
‘SUTPTIS POTIOJIUOO ON 2 0061 Qot e w  2-t-2om 2y
*9IN308IJ Ou ‘BSUTPTIS ON 02 noyt 009 6€ s t-€Tox 14
*sInjovay
‘SUTPTTS POTTOIUOD ON 2 00€1 0S€E 2€ M 1-E-20M ot
*8au308I3 Oou ‘SUTPILS O O2 ooft 0801 9 § t-cTox 6¢
*SutpTTs
‘perToajuoo suoxotm LT 261 O0OET  3uB3s8U0O OO 1 4 92 G-dn gt
*SutpTLS
‘POTTOJIUOD SUOIOTW Of L6 00ST 3jueasuoo 00€ ST 92 &N LE
~SutpTLs
‘POTTOIZUOD SUCIOTW OT 09T OO#T JuUe3sUO® 0OE ST 92 ce-an 9t
ftnen Qwﬂw .MWWLH .-o.nww u_oo..n_ QOTIVJUSTIOSTH ° uny
‘xuy 38 Axspunog J (t
owty, (2

‘Pijuop -~ I THVE

Q9



*A1938TPOUMT paanjomay una
o]
oont 002 ME 2-€-ToN LG
“SutpT Hm.wwaa.: *oads una
11013u09
“n c oont 00SE < puz 2-€-ToN oS
‘on .wMEnOh s3o(
98BI
30843 ou “Jurpris oN 0z ooft 0062 6¢ G €-€-ToN ¢<g
. . *s30of ou JuB38IY
3an3deay ou ‘Jurprrs ON ot oont 0062 6€ G 2-€ToN 4§
*aanjoeay unda
‘Butpr1s POTTOa3U0D ON 1 0of1 006 < pag 1-"ToN €§
*aanjoeag una
‘BuTpTIS PITITOI3U0D ON t ooH1 0861 puz €-dN 2§
*axnjgoeal unJg
‘ButpT1s DPITTOI3U0D ON € o0o# T ooGh < pug T-IN 16
*aanjoeag
‘BUTPTIS POTTOI3U0D ON € ooht 0062 < ot 12 I-aN 0§
*paonpur sSof
‘3an3oeay ou ‘SuTpPITe ON o2 ooft osge G G2 €-JN 6%
* peayoBId A18NO
-7A9ad Aaepunoq ‘aanjoeay 9 oont 009 Gh G2 2-iN g
*aanjoeay ou ‘Burpris ON o2 00oH1 0621 G G2 TI-dN Ly
g3insay () Do) (un/uB) a17d 38TAL  'ON °ON
peor * QU £80195 JBOUS UOTIBJUITIOSTH °dodg uny
‘xBy 38 Axepunog °xey (1)
oy, (2)

‘Py3uo) - I THHVL

3¢



‘aanjoeal ou ‘3urprTs ON

JUP38U0D

2  oont 0062 1 S 2WN g9
. *3anj3oeag
BuTPTIS POTT0J3uUCD O 1> oot oSt It 62 VA L9
. *aanjoeay
3uTpPTTS PaTTO3U0D g oont 002 Lt 62 €-VX 99
*aanj3o8ay
‘3urpris DPaTTOa3U0D L ooR1 00¢ JA 62 SVX §9
*A1938TPaUMT PAINjoBIg o  oont ogt Lt 62 T-VX %9
*aaInjyoeal 3Uue38u00
‘BuTpris POTTOI3U0) Gg°2 osH1 oSHT om LE G-g0 €9
*aanjgoeag q1u8qa8U0D
03 3uIpITs PIarTOI3UODUN o) 00ST osht ‘ot LE =40 <29
*3BUTpPTIS q1UBq38UOD
PITTOI3U0D BUOIOTW G°f oc (07019 1 oSht ot LE €E-g0 19
*SuUTpPTIs 1UR38U0D
PITITOa3U0d SUOIOTW G°LT 0c oont 0S#H1 ot LE c-d40 09
*aanjoeay
‘BuTpPTIe® PITTOI3U00 ON 01 ooH1 0062 . Ot LE 1-40 65
*aIn3ovay _ ung
‘3uTpTIS PATT10I3U0D ON 2 ooht 000 « | puz €-€-TON @S
m —
811IN8SY ‘Ut te) __-=\¢..m ) 3TTL ISTAL "ON °ON
( coqw .memw nuoaw ncuum UOT4BJUSTIOSTH °o9dg uny
‘XBW 38 Aaspunog °* Xy (1)
WLy, m

‘Piquod - I FHEVL



*A193eTpauUMIT poanjoeay una
0 oont ootrL puz 2-aN 6.
P ‘aanjorag
O
TIS POTTOI3U00 ON 1 ooH1 006 anoaa vk gl
*aanjoeag om ‘3uTpPTIS ON
*powroy 83of ‘Axepunoq ue8U0d
03 TewIOU PaSgeIdwo)  GL 0ohT 0001 Lt 62 9~V Ll
*paangoeaz ‘Laegpunoq Jue3suod
03 Temaou pessaadwo) 09 ooft 000# L1 62 G-¥X 9l
3UuB38U0D
*aanj3oeaj ou ‘SurpTIs ON S oot ool 9 ¢ 2-cclan ¢cL
*aa1nq08IJ 1UB438U0D
‘BUTPTIS PITIOIJUOD ON 9 oot 0LEY ot 12 2-aN i
jug3s8uUOd
*3In3oeay ou ‘BUTpPTIe ON S oo#t 008¢€ G G2 G-IN €L
*aanjgoeay jugq8UOD
‘BUTPITS PITTOIJUOD ON 1 oot oSHE f1 S c-aN 2l
*3aanjoeag 1UB18U0D
‘SUTPTTS POTTOIUO0D ON 1 oot 008¢€ eh €€ 2-ON 1.
‘eanjoeaJ ou ‘IUTPIIs ON S oont 00.LY 141 € 2-gN ol
;///noaupmmmm ou ‘SutpyIs ON oz oont 0062 #t S €-¥N 69
S31nsey (FuTR) moov (gmu/uB)  3TTL 38T, "ON 'ON
peo7l ‘awel, nugvm Je9Ys UoT3IBJUITIOSTI .OOQm uny
*XeW 38 Axepunog °xen (1)
Qurgy, (2)

*Py3uod - I TMHVL

32



*aanjoedag IUuTpeoT

pPoseaIOUT SNONUTIUC) - oont o012 2h o€ 2-00 689
*aanjoeal 3uppeot

PaSBaIOUT ShONUT3U0) - ooqt GGe eh ot 1-00 88
*aanjyoeay 3uyprol

peSESIOUT SnONUTIUO) - oont é e L2t €-HO yXe]
*aanj3okal 3urpeol

peseaxdut snonugjuop - oohl 00tS 1% #1 c~HO 98

4ueq38U0D
° paanjoeay 1 00oHT 0082 € 7t T-HO Gg
*aan3oeaJ ON - ooHt 000°01 41 S G-VN 48
una

*aanjoeal ON - ooh1 é pug f©~-VN €8

*BUTPTTS SUOIdITW O ot ooQt 00¢€ Gt a2 o-dN 28
*aanjoral 03 3utrpeo]

peseaadul Arsnonutiuo)d - o041 0089 Gh Ge 9-)N 18

*aanjoeal ou ‘Iuipris ON € ootrt 009t 1 S f1-VN 08

CER GEET “uTH ) wi/ud) ITTL 36TML _ "ON  "ON

( caow . Eww namnmm JBaYS UOTIBIUITIOSTW °0adg uny

*xXen 3® RAxepunodg °xeuW (1)
auty, (2)

*py3u0d - I TTEVL

33



*goueTd 988ABSTO JO UOTJBUTWEX® WOIJ UOTIBIUSTIOSTW 93BUIxoxddy

spotaed °utm o2 ¥ I93Je
%62 £q peor oyz Jursesaoui pue NEE\aw 0ST anoqe 38 Jurouswmwoo ‘uotyseJ osimdess
® Uy popeoT aueM susuioads TTe ,3UB3SU00, S8 POVUITEIP 84893 dsoyz I0J 3deoxsy

* fusdwo) TWO4ION WOIJ POUTEBIQO S UBYZ JIOY30 SI93IST YITM Dpejwultsap susutoeds
°oul ‘SqUOUWRTI~TWOS WOIJ PIUTEBIqO S§ JI9339T Y3 TM po9jvuBisep suewyoedg

(2)

(1)

*aanjosay ‘Juipsor

pes\eaaouy Snonuyauo)d - oo4T 0564 h €€ #=ON 26
*3anj3o8I] ‘3UTpBoT

POSBaJIOUT SnONUTIUOD - oont 0512 ot 12 €~aN 16
*am3o8aJ ou ‘3uipeot

pasgeJaoul SnonuTIUo) - oo4T 0084 2% €€ €-ON 06

g3 Insou avay (Do) PYPR 74 )IREEEES 4 7Y JISTM], *ON  °ON

peOT edwey, 889J4S J8OYS UOTIBJUSTIOSTH *oedg unyg

sxay 38 Axepunog °xey (Ty
awty, (2)

Ps3uo0d = I ITHVL

34



L £
~99T100 VIIEY UI °IA
SI0 13 Teay °A
WIRASUNON °f °Y
SIITePTISs °r
Aeozxvgg °5 *o
‘X °N
*Panqadunzy *°dion
qoIwesoy STPIISAwN °IIY
1962
-(919)EC &v 39®33WOD °IY
€00GEL xeuy
0SEL 399foxg osqv °I
dsoxy °f

*AT

wojyemIoZeq °2
sTeIIesum OTWEX9n °T

‘ssex3s TWOT3VIO

® 39 seanuTH A8 ® Jo potied uoljzeqnout ue
ae3e aIMyoRIy 03 A[QUTTOIZTONUN OPIIe DINOA
*zeqiex 3nq Fuypire AIepunoq urerd perroxy
~U00 37QTYX® j0u PTP suewioeds jeoN “3ses
FUTIND PEONPUT~SS6IS IO TVTIGIVE DPOATSOGI-SE®
ouy Uy juesead (juwejuoo Jof) seyjavinBeaxy
Axepunoq JO 3TNEEI ® 8q O} PUNOJ EBA QTTA
wiep sseIys FUTPITE PUv SINIOBI] OQ3 UT
J933808 OTQUISPISUCD SBA SI0Y3 UVOTIPIUSTIO
-gTR UQAT? ® I0% *EUOTINIUSTIOETHE IGO0 UNYY
XeYwon qorm FUTeq SOTINPUNOG ITTI AOT-10TAg

49Y fuorIvsvetIosTH TRIsLIo yita LAYpevawe |

pPeTIeA SIN308I3 puw IUIPYTS AJepumoq ugex®

{ 29n0 «\z
’ Al
\ /

J0J B8eI18 8] °UOTA06IYP uoysserdmoo eyqy
031 oS% 3® pejuetIO sEA Arwpunoq eyy .Nl\‘
000°0T 03 06T Wwox3 Butiiea sesseIjs Iweue 3¢
PR *0500GT-00ET Jo ePuer sanyexsdwey oy uy
83803 sanjdnz-desxd 03 Pe308{qQNE GIGA sUSN
~108de Tw3842531q 0B JO seyIEpPUNOq T.IexP eyl

sJodex peijresersun

*sgex 6 ‘erqwy ‘°enITy

T0UT <d¥C *29 veq *slodex Alwmmns *STVYIM
XLV OIWWED JO NOILVWHOIZA THLI NI XMVANIOS
NIVHD THI J0 TIOM THI °62Z-29-¥al-asY IN 34y
*0Iq0 ‘afv UosIeyied-3ultap

‘equ1 SOTWRIS) B STEIGH ‘sessetoly Pue
STUTISIW/IT] *UOTSTATQ swesels TeoTINSTOIEY

uors
-001109 ¥YIJSY UT °
SI0 X3 Teay °
STRAJUNOH *f °V
SITIORIIS °r
Kexyvy °3 *o
‘X °N
*PanqaPunay *°dxo)
yoJuesey syvII Wy
196
~(919)EE v A0eI3U0)
£006E. xsel

0SEL 199foxg 954V °1
deaay °f

i

‘Al

*III

‘11

UoTjeRIOSeq *2
sTeIINER DTWRId) °T

AT\

*§89338 TUOTITID

® 19 sojnuym A8J © JO pollad UOTIEQRIUY UM
10338 aImjoexy o3 ATqQeIToIUOOUN IPYITE PINOA
*zoqjea ynq PuTpFTe Axepunoq UTeId POTTOIL
-uod 3¥qQYIYXP 308 PIP suamidede 1604 *4590%

FUTIND POONPUT-ES0I}E JO [UTINIVM DIATIONI-8RB

ouy Ut juesaxd (gmejuod Sof) sy TIRINPoIY
AIepunoq Jo 3INESI @ #q O3 PUNOJ 89A QOTUA
v3ep €9ax3e PUIPTIE pPuU 8anjowl] gy Uy
911908 STqRIEPISUOD SUA 21943 UOTIVIUITIO |
~glW UQATT? ¥ JOJ °SUOTIVIUSITIOSTE JI9YI0 ULY)
JoXwoa Yorm Fuyeq SOTISPUNOq 1TT3 MOT=1SIAY |
uFTy fuoyreguetIOeTE TBIPAID WITA Arpexava
pPotIea oanjowsy pue Suipyie Lrepumoq UyeId

e i\(“\iw

(4980 } .

\ 7

~ - i

JoJ sseI3s 9y °UOTIO8IYIP uoyesexdmod oqy
01 oG 1% pejuatIo sBA AIevpunoq IY] .Nl\Im _
000°0T 032 0GY moxJ Fuyriiea S9EEAILS IVAUS 31w
pue *0,006T-00£T JO eJumi eanjuvradumes 9yy uy |
#3897 oanydni-deeso 03 pa1dalQns aIam suowm
-109de Te1sk101q oM JO seyIwpunoq utesd ouy |

sJodex peyzysseIOuUf

*g3ax 6 *orqes ‘°surry !

TouT *dff *29 oeg ‘jiodea Ayemmmc *IVIH
~ZLVW OIWNVHED JO NOILVWMOAEd IHI NI XHVANNOY |
NIVYD FHL 40 TION FML *G22-29-HAl-ASY IN I3y
*0Tq0 ‘ddv UOSINIIBI-3UITIM

SsqU] SOTWEIS) P STRION *SsEe20XJ Puw |
STOTINW]/ITG *UOYSTATQ SWRISAS [ITINFUOIIY |
|

I

S U t&



woTy

-08TT00 VISV UT °TA
SI0 I3 TeAy °A

wTRASENON °f °V
STTTeBYIE °r
Kexxvgg a .c ‘AT

=(919)EE gv 39wx3u0) °11
€00GEL weuy
06EL aoefoxg osdv °1
deexy °f
UOTIEMIOZET °2
sTeIIO UM DTWRI®) °T

.k

*sPeI3s TWOT3TIO

® 30 893NTIW A8 ® JO Polled uotjeqnout ue
J03J% exniowry 03 A[QUITOIINOSUM SPITS PINOA
‘Ieqanx 3nq Parpyrs Lrepumoq urerd perrory
~uoo $IQIYXe j0u PIP susmioeds jsoN *Ivey
FATIND PEONPUT=8LSIL8 IO TETIOION DOATOOOI-EE
oy uy jussead (juwejuoo Jof) seyiyaernieaxy
Arepunog Jo 3INESI ¥ 8q O3 PUNOJ SA USTHA
iep 88013 FUIPITS DUP SINIOBIZ oy Uy
2031908 STQUISPISUOD SBA SI8Y) UVOTLPIUSTIO
-STH GOATT ® JOF °SUOTIWIUSTIOSTH I6QI0 UNYY
IOYUoA YOTE HUTEq FETISPUNOQ 3T ACT=38FA3
Y37q fuorjesuetioeTm Te3sirs yyta AypenIva
POTIRA ean3ou3] pue BUTPYIs Arepunoq uyws®

{ s9m0 ) _ _
’ \
\ /

~ -

S

J0J S80I38 YL °UOT06ITD BOTeseIdwOO Oqy
03 oS¥ 38 PEIUSTIO sEA Liwpunoq ey ° mm/m®
000°0T ©3 06 Wox3 FutLIvA SeSFOIs Jeeys 3w

PU® °05005T-00€T Jo eBus: eanjsiedwey eyy uy

i

#3893 sanjdni-deelo 03 pPejoefqns GIGA suew |

-108ds Tw184101q OB JO seTIePUNOq UTRIF eyg
sxodex perjrssersun
*838I 6 ‘oTqey °‘°enITl

ToUT *dYC *29 seq *j3odex Liwwmwng *STYIM
~ELVH JTWVEED 10 ROTIWMHOLRA THI NI XMVAIWNOS

NIVED SHL 40 TIOH EHL *G2Z-29-BII-SY I 3%

*OTH0 ‘AIV VOIS Iuz-3uBTIA
*°qu1 soTERIe) B STEIGY ‘eeesevoxl DU
STRIININN/ITY *UOTSTAT] SESiels TVOTINUOISY

|

o ATA ;0>°,wé

wot3y
=09T7100 VIISY UI °IA
SI0 I3 TeAY °A
wIRAUNOK L ‘Y
STITORAIS °f
Koaxryy °3, *D
‘X °N
sanqaPuery °°dxon
qoxvesey syeIIeyey °IIY
1962

*Al

-Gaﬁmm AV 3oex3uo)y °II

|
e

£00GEL xwuy,
0GEL 39efoxd osiv °1
dsaxy °€
sotjemrozeq °Z
sTejIO e OTWeI9) °T

*$00I18 TSOTITIO

® 39 SOINUTE ASJ ¥ JO potJad UOT3eqNOUT uUe
Je3Je aanjowly 03 ATQeITOIIUOOUN SPYTE PTNOA
*Ioyses 4nq PUTPTTS AIwpanoq utesd perrors

FUTIND POONPUT=FLHILE IO [UTISIVH DIATOOSI-ST
a3 uy juesdad (3uajuod Fof) seyjtreTndesry
AIepunoq JOo 3TNEGX ¥ 9q O3 PUNOJ SBA JQOTUA
18P seaIye PUTPITE PUR OINIOVIJ oYU} Uy

-@gj® UIATF ¥ JOf °SUOIIVIVSTIOSTR I9U30 ULYQ
Joxwon Yot Buyeq serIEpUNOq ITT} AOT~ISTA3
q1y fuoyiesuetIosTE Te3sAild YItA ATpextvm
PoTIvA 9anjoexy puew Buipyye Astepumoq urerd

\ /
JOJ 886138 9UJ °*UOTI08IIP uolesaxdmoo eq3
01 oG 18 pPejuatIo sBA AIepuUnoq ayy .Nl\g
000°0T ©3 0GT Woxj Sutirea sessaIls JIveye 31e

3803 sunjydni-deeld 03 p153fQns AIOM SUND
-1o0ds Tw184X01q 0B JO eeTIwpunoq uteld eyy

1x0dex peIJIseeTOUN

*8Jox 6 ‘oTqey ‘°eNITY

Touy °dff *29 oeq *jxodex Axewmng *TIVIY
~ALW OIWWED SO0 NOILVWHOJET IHI NI XHVANNCH
NIVHD FHI 40 TTOM FMIL *G2Z-Z9-HAl-asv IN 3dy
*oTq0 *qiv U0SIe3ml-4uITIN

teqw] SOTE 199 B STEION °‘esssedols PUs

-700 41qQIYXe 30U DIP suswyoeds oW °3803 |

J931908 OTQRISPISUOD $BA II9YJ UOTIWIUIIIO |

PUR °05006T-00€T Jo oFuel aamyuvradwey 9y3 uy |

|
|
_
|
|
|
|
|
|

S, 1}11|W|

i
i
i

|
_
|

STUTINW{/IT] *UOTSTATQ SWISAS [edIneuoIdy

P



.e e ————

woT3
~98TT00 VIIEY UI °IA
SI0 XJ TwAY °;A
UTRAYUNOY ‘[ °V
STITeAIS °f
Aezxvgq °3 °9 °AX
‘X N
‘Sanqefueigy ¢+dxon
qoIveesy sTeIIe e °IIX
196,
-(919)EE 4v 3owIjuoy °II

woTIeRmIOIeT °2
sTeTI WM OTWRIe) °T

*890138 TWOT3TIO

¥ 30 SOINUTH ASJ ¥ JO POTISd UOTIWINOV] Ue
X03Je em3onI) 03 ATQETTOIVOSUN SPEIE PTNOA
‘xeqiex 3nq PUIPIIE Arepunoq uteI? peyrory
~U00 43QIUXe 308 DPYP suswioeds 3180y °3¥ey
JaINp PEONPUI~ELSIIE IO TETISLUN DOATEOSI-~S®
oq3 uy juesexd (juesuoo Pof) seyitrerniey
Azepunoq JO 4TSI ® eq 03 PUNOJ SeA UOTUA
w3ep sse3e FUTPTIS PUW eanjowls ey Uy
931908 STQRISPISUOO SBA SI0Y3 UVOTIWITOTIO
-~8TH UOATZ ® JOF °SUOTIPIUSTIOSTE JOYIO UWYY
Zeyuen Yovw FuTeq seIIEPUNOQ ITTI AOT-A0TAY
YB7q fuotswyuetIosTm TwIsiio Gipa Aypexiem
PeTIRA SaM30BX3 DUe BuTPITe Asepumoq uterd

( s9r0 )
7 A}

\ /

~ -

20} SIS 8l °UOTI06ITD woteseldwoo eys
03 oSY 3% pejuetIo swa AIepunoq ey ‘,mm/uB

000°0T 0% 0ST WoxZ BuiLiIea SeeseIIs Jweye 3@
PUe °0,005T-00€T JOo eSuex eamymredwes eys ut

23803 san3dNI-deeId 04 DO QNE SIGA SUSE
~Toeds Tw384301q 0MH Jo eelIEpUNOq uTeId eqy

azodex perisewysun

*8Jex 6 ‘orqey °‘°enITY

ToUT *d¥C *29 seq *sIodex Ayemmng *STVIM

“ZIW OIHVERD J0 NOIIWWNOJIEG THI NI Xyvamnod

NIVYD §HI 0 TI0d EHI *G22-29-MIl-asv In 34y

*0Tq0 ‘Alv VOSISINI-AUPTIA

‘equT SOTERIS) P ST *OSENPN00LI DPUR

STOTI0AWi/ITq *UOTSTATq swe3sds TEOTINEUOIOY

e

wot3

-9917109 VIISY UT °

S0 X3 Teay °
STRAUNOW °f °Y¥
SIS °f

hEi oa Ou L)

‘X °N

‘PanqaPusxy *°*dion

qoIvessy sTUTIS Wy

196,

© =(919)EE Iv 108I3UOYH

€00GEL xem]

0SEL 1o9foxd osdv °1

deaxy °€

TOTIVEIOSeq °2Z

sTeTIotom OTWEId) T

>p

*I11

°II

i

1

*g89I38 TUOTITJID
® 3@ sojnuUTH ASJ ® JOo potIad uOTISQNOUY Ue
e3¢ axnjoexg 03 ATqe(TOIIUCOUN IPITS prROA |
*Ieqiex 3nq 2UTPYIS Axepumoq uyex?d peryors
-~U00 3TQTEXS 30U DID suIMIOeds 160N °3993
futInp PEONPUI-SESILE IO [UTISIem DIATOOI-SE
oqy uy juesaad (juejuos Fof) seyrtrerndessy
Azepunoq JO 1TNESI @ 9q O3} DUNOJ G¥A QITUA
I8P ssa1ye FUTPIIS pUE eanjdwly eyl Uy
913808 STQRISPICUOD SVA AI9Y3 UOTIWIUITIO
-8Tw UGAT? @ XOF *SUOTIVIUSTIOSTH IS0 USYY
Joxwen Yot Fureq SOTIVPUNOQ 3TTI AOT-38TA3 |
Bty fuojavquetiostw Ye18AId [Ita ATperrea
PetIeA aImyowx) pus Surptis Axepumoq uyeId

S IlWy

{ s9r0 .\/
’ A

\ /
JOJ SSeJ3s 9Ql °UOTIONIID UOTeseidwoo eyy
03 oS7 3@ pejuatIo seAa AIwpunoq Yy .Nl\lu #
000°0T 03 06T WoX3 Sutiiva sessolys Iveys v
pu® °0,005T~00€T JOo 0Fuex eanjssadmesy 9wy UY
®3803 sungydni-deeads 03 pa129(qQns XA sudm |
~-19ede [w18LId1q 0PN Jo setrIUpUNOq UTEIF Oql

s10des petjrsseroun

*8Jax 6 *9Tqua *°SNTIT

touy *dfif *29 oeq ‘srodex Arxvmmns *TIVIM

~ZLVW OTHWED 40 NOILVWHOZAQ IHI NI XHVANNOS
NIVHD THL JO TTOM FHI *522-29-HAIl-dSV IN 30y

*oTq0 °*QIvV TOSINIIed-3qFTIMN

‘eqe] SOTENIS) B STEISH °SISSO00II PUS '

STOTINW{/ITQ *TOTSTAT] sSWeIefs Ted(INenOIOV -

L,



uoT3

=091T09 VIJISY UI
SI0 I3 TuAy
BTRAUNOY *f °V
8ITTePIIS °r
Aexxrvyy °1 °*°»

*X °N

*3anqaduery *°dioy
YOXRos Y sTelIoY Ol
1962

=(919)EE Jv 31deIzUOY)
€00GEL W®8L

0GEL av9foag osdv
daaa)

uotyEmI03eq
sTRTIS W OTWBIS)

*I1A

*AI

‘111
°II

°I
€
‘2
1

*8s0I3s TWOT3TIO

® 39 293NUTH ASJ ¥ JO POlIed uCTINQROUT UE
393w aIN30NIy 03 L[QETTOIJTOSUN SPITS DPINOA
‘Ieq3nI Inq PFUIpITs Ayepunoq utwr® perrors
-uod $IqQIYXe 10W PYIP suswWloeds 380N °3180%
$oraINp peonpuiI~sseI1s JO TYIINIBN DOATSOOI-g
oy uy juesexd (juejuoo Jof) seyryxenieaxy
Azepunoq JOo 3TNEeI ® €q O3 DPUNOZ SBA UOTYA
"D ssex3e Buypire puw exnjomxy ey uy
2033908 STQUISPINUOD SBA 32973 UOTIWIUSTIO
-STW UGATS ® J0J °SUOTIIEIUSTIOSTE 0G0 UNYY
Xoxwon YoTE FuTeq seTINPUNOQ ITTI AOT-308TA3
q3Tq 1UoTIviueTIONTE 938420 YITA LTpextwa
POTIA 9IN3081] Due SuyPITe AJepumoq ugexd

(4900 ) _

\ /
J0J BSOI3S 9YJ °UOTIOXTD uoysesxdmoo eyjy
03 oG 39 PojuetIO swa Axepunoq oyl .mljslu
000°0T ©3 0ST woxj Sutrfiva sessoxls Jeeys 3
PU® °5,005T-00€T Jo eJusl eanjeredmey oyj uy
#3903 eanydrna-deeas 03 paidefqns alem suem
-1o3ds [9194191q 0%y Jo eeTIWpunoq uTeId eyl

s1odex peyjiseeToun

*8301 6 *e1quy ‘°snITy

Touy *dfif *29 oeq °*3xodex Axewmmng °cIVIM
~ZLVA OTWVHED J0 NOILVIWOJIHA IHI NI XHVANNOd
NIVYD THL J0 TT0Y THI ‘G22-29-HALl-ASY IN 3dy
*0Tq0 ‘ddv uosIejjei-4ydrapm

tequT EOTERIN) B STUIGH °E9EE000Ig DU
STRIINIT/ITq *UOTSTAIQ SmO3I8LC TeOTINWUOISY

oty
=297709 VIJISY UT °TA
SI0 I3 TeAv °A
eTvAUNOW °f YV
SIT18911IS °f
Kexany *1 *n
‘X °N
sganqafuszp ‘*daojy
YOI99E3y SYelIdj ey
1962
-(919)E€ gv 39813U0)
£005€.. %88l
06€2 198foad oegv °1
daoaxy *f
uojjemIoIeq *2
sTeTa83wm O«.Eﬂhvo ‘1

Al

‘IIT

‘II

*gE9I3E YVOTITID

® 39 SOINUTE ASJ B JO POTX3d uUOIILUqRIUT UG
Je3Je arnydexy 03 ATQUTTOIIUOOUN IPIIE PINOA
‘xoyj3ex 3nq BuTpyre Lxwpunroq urerd peyrols
-uo0 3TqQIYXe jou PIP susmideds SOl *3180%
Fuganp POONPUT-E80I3E JO TLTISIVW DPIATSOSI-8E
oyy uy juseexd (juajuod Jof) seyjtieTndasxy
Aiwpunoq Jo 3TNS9I ¥ 9q O3 PUNOJ SUm QOTUA
viep sEax3e SuUIpIIe pPUY @IN3OBIJ 9¥3 UY
I211808 STQRIGPISUOD SeAM AI3Y] UOTIWIUSTIO
-8TW USATT @ JOJ °SUOTLVUOTIOSTW IGO0 ULY)
ZeYeom YOt FuTeq SOTISPUNOQ 3T13 MOT-ISTA3
YAty fuotiviuetIoeTE TeIeLId YITA ATperIvw
POTJIeA 9IN308IJ puw FUTPYITE AJepunoq ulesd

{ 4300 ) _

\
JOJ ES8JI38 YL °UOTIV0ITDP uorssardmod ey
03 oG 1@ PajuatIOo seAm Arepunoq YL ° umn/m?
000°0T 03 06T mMoX3 BuTLIBA €9653I36 I8OUS 38
pU® *9,00CT=-00€T Jo 9Fuex eanjeradmey JY3 Uy
83693 oanjydni-daesd 03 pa1dalqns Ixam sUIW
-10ads 19316AI01Q OPMW JO s31IBPUTNOQ UTeJd Q4L

jJ0dox petTITsEETOUN

*8Jax 4 *arasy ‘°*SNITT

TouUy *dfif *29 o8q *jiodax Lrgmmnc *cIvIy
~TLVA OIWVHAD JAC NCILVIRMOJIT THI 1T XHYINNCE
NIVED THI 40 TI0M FHI *622-29-HAl-7cY aIN 1de
*OTYO *d4yY UOosIaIeI-3ufras

tequ BOTWRIS) ®» ETB1Iy *€asE632012 puUB
ST9TI93G] /1T *TOTSTAY] SWRIEAC TEITINVUOIIY



